Observations of hypoxia, dissolved oxygen (DO) concentrations , 1.4 ml L
Introduction
Subsurface waters low in dissolved oxygen (DO) upwell onto the continental shelf along the U.S. West Coast each spring and summer. As wind-driven coastal upwelling seasons progress, near-bottom DO concentrations below the hypoxic threshold (1.4 ml L
21
) are observed off Washington, Oregon, and California. These so-called dead zones (Diaz and Rosenberg 2008) are not linked to anthropogenic eutrophication like the majority of coastal and estuarine low DO environments on the southern and eastern coasts of the United States but have similar detrimental effects on marine organisms (Diaz and Rosenberg 1995; Gray et al. 2002; Keller et al. 2010) . Off central Oregon, hypoxia has been observed across the shelf and throughout the upwelling season, with ;3 months of persistent, seasonal hypoxia in one location (Adams et al. 2013 ), yet invertebrate and fish kills are only occasionally observed (Grantham et al. 2004; Chan et al. 2008) . The severity and duration of low DO events vary in both space and time, yet extant datasets have not resolved cross-shelf and along-shelf gradients O(,10) km on intraseasonal (15-40 day) time scales.
Spatial and temporal variability of hypoxia has been observed on decadal, interannual, intraseasonal, event, and tidal scales (Adams et al. 2013; Peterson et al. 2013; Pierce et al. 2012 , Chan et al. 2008 Hales et al. 2006; Grantham et al. 2004) ; however, previous studies consisted of few high-resolution or several low-resolution realizations, forsaking either temporal or spatial resolution for the other. Underwater gliders with nonstop data collection allow investigations of cross-shelf variability on finer temporal and spatial scales than previous ship-based CTD station surveys along the Newport hydrographic line (NH-Line; 44.658N).
Seasonal DO decline on the central Oregon midshelf, 70-to 80-m isobaths, has been calculated from shipbased observations (Hales et al. 2006) and from moored continuous time series (Adams et al. 2013 ). Both studies have reported a local seasonal decline rate of ;0.01 ml L 21 day
. This decline is the result of local respiration balanced by physical advection and mixing processes. Adams et al. (2013) calculate the local rate of change as only 1 /3 of the expected local respiration drawdown on the shelf and find physical processes keep the system from reaching anoxia. In a shelf DO flux budget, Hales et al. (2006) find physical advection mechanisms to be of the same magnitude as the local rate of change. However, this budget was calculated from four cross-shelf sections separated by 2 months in time and ;40 km in along-shelf distance. This yields early and late-season snapshots but does not resolve intraseasonal variability. Hypoxic waters off central Oregon develop and evolve throughout each season, influenced by physical and biological processes in concert, all with along-shelf and cross-shelf gradients that have not been well resolved to date.
An important detail not addressed in the current California Current System (CCS) near-bottom DO variability literature is the intraseasonal variability of near-bottom flow. The onshore return flow depth during upwelling can occur in the bottom boundary layer (BBL) or in the interior of the water column (Huyer et al. 1979; Smith 1981) . The return flow depth has previously been related to the slope Burger number S, which depends on the water column stratification, Coriolis parameter and bottom slope. An S value of ;1 indicates a return flow in the interior for the Oregon coast (Lentz and Chapman 2004) . The BBL flow may also diminish from buoyancy arrest (Garrett et al. 1993) where onshore transport in the bottom stalls. Evidence that an onshore interior flow depth varying with the mean along-shelf pressure gradient has been reported in the northern CCS (McCabe et al. 2015) . Regardless of the mechanism, return flow depth is important to DO dynamics on the shelf since near-bottom waters rely on cross-shelf currents for flushing and replenishment with source water. As the propensity of hypoxic observations is at near-bottom depths, BBL flows are paramount to identifying the effect of physical advection mechanisms on near-bottom DO dynamics.
Here, we first use a combination of mooring and glider data to resolve finescale DO variability spatially (,1 km) and temporally (days-months) and then test hypothetical mechanisms responsible for the observed variability. Data sources and processing methods are detailed in section 2. Midshelf mooring and glider data are presented for the 2011 upwelling season in section 3a. Spatial patterns of glider-measured hypoxia are determined in section 3b. The importance of cross-shelf and along-shelf circulation and return flow depth on hypoxia is discussed in section 4. Finally, we summarize and conclude our findings in section 5.
Data and methods

a. Data
1) NEWPORT HYDROGRAPHIC LINE GLIDER DATA
2006-12
The continental shelf and slope waters along the historic Newport hydrographic line (44.658N) were sampled by Teledyne Webb Electric G1 Slocum gliders (0-to 200-m water depth; 124.18W to 125.18W; 2006 to 2012) operated by the Oregon State University (OSU) glider group. The Slocum gliders sampled from 2 to 90 km offshore with cross-shelf transects taking an average of 3.8 6 1.1 days. With a pitch angle of approximately 268, the maximum horizontal separation of Slocum glider vertical dive and climb pairs ranges from 62 to 410 m for 30-and 200-m water depths, respectively. Variability in the glider's location during cross-shelf transects arises from the slow horizontal vehicle speed, 0.25 m s 21 , compared with the strong along-shelf coastal currents: 0.5-1 m s 21 coastal upwelling jet and 1-2 m s 21 wintertime Davidson Current. Slocum gliders collected data via a Sea-Bird Electronics, Inc. (SBE), 41CP unpumped CTD measuring conductivity, temperature, and pressure and an Aanderaa 3835 optode measuring dissolved oxygen. Thermal-mass corrections to the conductivity cell have been applied for the Slocum glider dataset prior to oxygen concentration calculations (Garau et al. 2011) . The dissolved oxygen dataset is shifted by the reported 24-s response time of the optode.
2) OPTODE CALIBRATION PROCEDURE
Dissolved oxygen optode sensors aboard the Slocum gliders were calibrated in the laboratory several times each year of operation. The two-point linear calibration procedure consisted of triplicate Winkler titration samples taken at a midrange (5-6 ml L
21
) concentration followed by the addition of sodium sulfite to a glass, well-stirred container until a zero point for each sensor is reached. The slopes and offsets calculated after each in-laboratory calibration are applied to the measured DO values. Inlaboratory calibrations were conducted approximately quarterly and after each manufacturer factory service.
3) GLIDER-CALCULATED DEPTH-AVERAGED
CURRENTS
Depth-averaged currents are inferred by Slocum gliders by dead reckoning (e.g., Merckelbach et al. 2008) . Using the glider vehicle flight model, the glider's target location in still water is calculated. The difference between the target location and the actual location during the next GPS reading per travel time is the diveaveraged current for the top 200 m of the water column, which has a north (N)-south (S) component y avg . Glider y avg values are calculated between glider GPS readings. The time between GPS readings, 1 to 6 h, is user defined and varies with distance offshore. Around the midshelf (80-m isobath), one dive-climb pair takes approximately 1 h, and the ''callback interval'' is typically set to 3 h. Thus, each midshelf y avg calculation applies to six vertical profiles.
Reported accuracies of glider-calculated, depthaveraged currents are O(0.01) m s 21 in glider studies in deeper waters using the Seaglider and Spray gliders (Eriksen et al. 2001; Todd et al. 2011 ) that calculate the depth-averaged current after each dive-climb pair.
Inaccuracies O(0.05) m s 21 have been reported for Slocum-measured y avg values due to compass calibration error and from the exclusion of attack angle in the Slocum flight model (Ordonez 2012; Merckelbach et al. 2008) . This error should also be attributed to the dynamic environments Slocum gliders are used in and the length of time between the y avg calculations. A comparison of moored and glider-derived N-S velocities over the midshelf is presented in the appendix.
4) NH-LINE MIDSHELF MOORING (NH10)
Horizontal water velocity, temperature, conductivity, and dissolved oxygen data from the 2011 upwelling season are analyzed from the NH-10 buoy (44.658N, 124.308W, 80-m water depth, 18-km offshore) along the NH-Line. A downward-looking Teledyne RD Instruments 300-kHz Workhorse Sentinel measured horizontal water column velocities at 7-73-m depths in 2-min intervals and 2-m bins. N-S and east (E)-west (W) velocities are corrected for magnetic declination and subsequently rotated into principal axes (22.38 true) based on depth average velocities from the 2011 upwelling season deployment. This rotation minimizes variability in the cross-shelf direction and is similar to the orientation of local isobaths. Rotated E-W and N-S velocities are referred to hereinafter as cross-shelf and along-shelf velocities, respectively.
Temperature and conductivity data were measured by a SBE16plus at 73-m depth and a SBE16 at 60-m depth. SBE-reported accuracies for the temperature and conductivity sensors are 0.0028C and 0.002 (equivalent salinity), respectively. A Clark electrode-type SBE43 was installed on both instruments for dissolved oxygen measurements. Temperature, salinity, and dissolved oxygen data, recorded at 2-h intervals, were 40-h lowpass filtered. The 73-m time series is incomplete due to instrument failure. Sensors on the 73-and 60-m instruments were factory calibrated prior to the April 2011 and 2010 deployments, respectively.
5) STRAWBERRY HILL MIDSHELF MOORING (SH70)
In 2011, near-bottom temperature, conductivity, DO, and current data were collected on the 70-m isobath approximately 40 km to the south of the NH-Line (Fig. 1) off Strawberry Hill (SH70; 44.258N, 124.258W), previously presented in Adams et al. (2013) . SBE16plus CTD and SBE43 DO sensors collected measurements on 30-min intervals. Current measurements made using a Teledyne RD Instruments 300-kHz Workhorse Sentinel ADCP were filtered and rotated similar to NH10 currents described above. CTD and DO sensors were factory calibrated before and after each field season. Several in-laboratory and calibration casts were taken throughout the season to verify the CTD and DO data quality.
6) WIND STRESS
Wind speed and direction were measured at 10-min intervals at National Data Buoy Center (NDBC) station 46050 (44.648N, 124.538W; 35-km offshore) . Wind measurements at station 46050 correlate strongly with those from the coastal meteorological station (NWP03; 44.618N, 124.078W), with a correlation coefficient of 0.76 at zero lag. Gaps in the 2011 station 46050 record were filled with NWP03 winds using the regression coefficients: slope 0.90, offset 0.34 m s
21
. The N-S wind stress was derived (Large et al. 1994 ) from hourly averaged wind speed and direction prior to 40-h low-pass filtering to remove high-frequency variability, for example, diurnal sea breeze, which is not a focus of this study.
b. Derived data product methods
1) GLIDER DATA GRIDDING AND FILTERING
The Slocum datasets were binned by depth (2 m) and gridded using two methods. Linear interpolation resulted in unfiltered gridded glider lines on a desired grid. Filtered, gridded glider lines were processed using an iterative two-dimensional Gaussian function (Barnes 1964) with decorrelation radii of 10 km in the horizontal and 5 m in the vertical. These smoothing length scales were determined from spatial autocorrelations and power spectral density behavior of isopycnal depths along each cross-shelf transect. Previous glider studies within the CCS found horizontal smoothing scales of 25-30 km were necessary to remove high-frequency signals such as internal waves [University of Washington (UW) Seagliders in Pelland et al. (2013) ; Spray gliders in Todd et al. (2011) and Rudnick and Cole (2011) ]. The specified grid is the same for both methods and telescopes horizontally and vertically due to the depth-dependent separation distances of glider dive and climb pairs. The grid resolution over the shelf and shelf break, 500 m and 1 km, assures multiple measurements per grid cell. Therefore, the resolution of the gridded data presented here allows for an analysis of cross-shelf features, O(1) km in size, an order of magnitude increase from the 5-nm (9.3 km) historical NH-Line station spacing. A regular grid would have been used if the glider lines did not sample the continental shelf. Unfiltered glider lines are used to analyze scalars, that is, DO. Filtered glider lines are used prior to calculations such as geostrophic velocity (see below). Filtering of glider-calculated y avg was necessary to remove tidal frequency aliasing; the Barnes (1964) algorithm was used with a horizontal decorrelation radius of 10 km.
2) GLIDER-DERIVED GEOSTROPHIC AND ABSOLUTE N-S VELOCITIES
The N-S geostrophic velocities are calculated from gridded and filtered cross-shelf glider temperature and salinity sections (not shown). Each horizontal grid space represents a different sampling station, analogous to tightly spaced, ship-based CTD observations. The reference level, or level of no motion, is set to 190 m. Geopotential anomaly is calculated by vertically integrating specific anomaly changes with depth, starting from zero at the reference level for each horizontal station. For stations where the bottom depth is less than the reference level, geopotential anomaly at the deepest data point for each station is linearly extrapolated from the two nearest offshore stations following Reid and Mantyla (1976) . Specific volume anomaly is then vertically integrated from this extrapolated value rather than from zero at the reference level. This method assumes zero horizontal shear in geostrophic velocity between the stations at their deepest common depth.
Cross-path geostrophic velocities are then calculated by taking the horizontal difference between geopotential anomalies of two adjacent horizontal stations and dividing by the Coriolis parameter and the horizontal distance between stations. Geostrophic velocity vectors are orthogonal to glider paths that deviate from a line of constant latitude. Hence, only the N-S component of the calculated geostrophic velocity vector is retained: y geo .
An absolute N-S velocity can be obtained from y geo by adding the N-S component of glider-calculated depth-averaged velocity y avg to y geo , similar to Todd 
Results
Variability of cross-shelf, near-bottom DO concentrations on intraseasonal time scales (weekly-monthly) are investigated using 10 sequential Slocum cross-shelf sections of the NH-Line (44.658N) sampled over 50 days (8 August-27 September 2011; Fig. 1 ). Glider lines took 3-7.5 days to sample from 124.18 to 125.18W (2-90 km from shore), spanning from the 30-to the 1500-m isobath (Table 1 ). The duration of each line depended on the strength and directionality of coastal water velocities. Moored continuous time series from two midshelf moorings, NH10 and SH70 ( Fig. 1 ), are included in the analysis to 1) provide context to the glider sequence collected late in the 2011 upwelling season and 2) investigate intraseasonal variability of near-bottom currents potentially important for near-bottom DO variability.
a. 2011 midshelf mooring and glider time series
Central Oregon coastal winds shifted to upwelling favorable around yearday 106 (15 April) (Pierce et al. 2006 ; http://damp.coas.oregonstate.edu), although the cold, salty, and low DO signature of upwelling source water was not observed until early May (yearday 128; 7 May; Adams et al. 2013) . The N-S wind stress (Fig. 2a) shows predominantly upwelling-favorable wind forcing until mid-September when a strong poleward wind event was observed. Relaxations and reversals of upwelling-favorable winds are infrequent late in the upwelling season, July-September, compared to earlier in the season. ) several times throughout the time series, but persistent hypoxia is not observed until early August (Fig. 2c) . The SH70 DO record, however, is persistently hypoxic for over 100 days. This location has TABLE 1. 2011 Sequential Slocum glider cross-shelf section information. Times (UTC) at inshore (NH1; 124.18W) and offshore (NH45; 125.18W) turnaround points as well as times crossing the 80-m isobath area. Hypoxic area and height are calculated from unfiltered gridded oxygen data. Hypoxic area is calculated by integrating the cross-shelf and vertical extent of the hypoxic measurements in each unfiltered, gridded glider line. Hypoxic height is the distance from the shelf bottom to the hypoxic oxycline (Fig. 4) 
previously been identified as vulnerable to hypoxia due to high productivity, recirculation of currents, and low flushing rates over the bank Castelao and Barth 2005; Adams et al. 2013) . A similar seasonal DO decline rate is observed in both the NH10 and SH70 near-bottom DO time series [;1 ml L 21 (100 days) 21 ; Adams et al. 2013] . Unfiltered gridded glider data from the 10 sequential glider lines (Fig. 1) Fig. 2c) is expected since the separation of measurements at the 80-m isobath ranges from 2.6 to 9.8 days ( Table 2 ).
There is also latitudinal variability in the 80-m isobath crossings ( Along-shelf velocities are negative (equatorward) and decrease with time from late April to late July at all depths. This is consistent with the equatorward coastal jet moving farther offshore later in the upwelling season . Although not a focus of this paper, event-scale variability (2-5 days) is observed in all fields in Fig. 2 .
Trends of measured quantities during the 2011 upwelling season are shown in Fig. 3 . Cumulative wind stress (Fig. 3a) shows persistent upwelling-favorable wind conditions throughout the upwelling season until September. Time-integrated currents, or cumulative displacements (CD), clearly show abrupt changes to flow magnitude and direction. The positive slope of cross-shelf CD (Fig. 3b) at 73 m early in the season (days 120-200) indicate strong onshore flow near the bottom. A transition to a negative slope around day 210 is indicative of weak and offshore near-bottom currents at the 80-m isobaths. At SH70, onshore currents are near zero until midseason. The slopes of all along-shelf CD (Fig. 3c ) are negative and weaken sharply around day 200, when the coastal jet has moved offshore.
Low CD values at the 61-m depth bin (Figs. 3b,c) indicate overall weak cross-shelf flow at this depth. This weak flow suggests 60 m is the transition from the interior to the bottom mixed layer (BML). This is consistent with ;20-m BML heights from the glider 80-m isobath crossings (Table 1) . BML height is defined as the first vertical grid cell from the bottom of each horizontal grid column with a density difference greater than 0.2 kg m 23 .
At the shallower 31-m depth bin, the cross-shelf CD slope is strongly positive after day 190 as the near-bottom currents switch to weak and offshore flow (Fig. 3b) . This is indicative of onshore return flow in the interior rather than the BBL, observed previously off the coast of Oregon (Huyer 1976) and Washington (McCabe et al. 2015) . This has implications for near-bottom flushing rates late in the season and is investigated further in section 3c; also affected are the near-bottom water mass properties that are less dense (Fig. 2b) and warmer (McCabe et al. 2015) late in the season.
A shallow return flow depth below the surface Ekman layer has also been shown using a two-dimensional upwelling model with slope Burger number S ; 1 (Lentz and Chapman 2004) . We investigate the relationship between S and return flow depth in section 3d. The temporary sharp change in the 31-m cross-shelf CD slope between days 170 and 190 is due to a deepening of the surface layer offshore flow.
The apparent weakening of the cross-shelf nearbottom flow during the 2011 upwelling season is investigated further. Cross-shelf Ekman BBL transport is calculated using overlying interior water velocities from the formulation
where the along-shelf bottom stress t y b is related to the cross-shelf and along-shelf interior flows just above the Ekman BBL height d, here assumed to be 20 and 10 m above the bottom (mab). Using a nominal density of 1026 kg m 23 and the time series of moored NH10
ADCP currents at the 61-and 71-m depth bins, U Ek b is calculated (Fig. 3d) . Onshore transport in the BBL is much stronger and persistent at the beginning of the 2011 upwelling season and decreases late in the season at both depths. Toward the end of the upwelling season, U Ek b alternates from onshore and offshore with much from April to September at 20 mab (Fig. 3) . This is further evidence that late-season flow in the BBL is weak or arrested.
Here, estimates of U Ek b are calculated, assuming constant BBL heights throughout the upwelling season. Measurements in Perlin et al. (2005) show the importance of event-scale variability and background flow conditions on BBL height. Specifically, the BBL height increases over the bed during poleward near-bottom flow or wind relaxations or downwelling-favorable wind events.
b. 2011 NH-Line glider sequence (8 August-27 September)
1) UNFILTERED DISSOLVED OXYGEN AND DENSITY
Cross-shelf (NH-Line) sections of DO and potential density anomaly s u for the 10 sequential glider lines in late summer 2011 are shown in Fig. 4 . The direction of the glider path (onshore or offshore) is indicated by arrows, alternating direction every other line. The shelf bottom topography in line 6 is steeper and narrower than in other sections. As shown in Fig. 1 , the glider path during line 6 deviated to the north of the NH-Line (14 km at maximum separation). Tidal-band frequency undulations observed in the high-oxygen, low-density contours (Fig. 4, lines 3-5) can also be seen in near-bottom fields, likely due to the energetic internal M2 tide observed in this region (Suanda and Barth 2015) .
DO observations are lowest above the bottom in all sections (Fig. 4) . Upwelling source water, or offshore water along isopycnals that upwell on to the shelf, is higher in DO than over the shelf. This follows Adams et al. (2013) , which report glider-measured source water DO concentrations, 2.2 ml L 21 at 26.5 kg m 23 in 2011, at the offshore station NH25 (Fig. 1) Hence, an onshore near-bottom flow of source water is expected to be a source of DO for the near-bottom environment by flushing and replenishing low DO shelf water (Fig. 2c) .
2) HYPOXIA Near-bottom hypoxia (black contour in Fig. 4a ) is observed in each panel except for line 1, with crosssectional hypoxic areas increasing from 0 km 2 in section 1 to 1.41 km 2 in line 7. Hypoxia is first observed in line 2 in two distinct locations: over the 60-80-m isobaths and the 120-140-m isobaths. By line 4, hypoxia is observed only upslope of the 80-m isobath. In the next line (5), the hypoxic area extends down to 160 m. In line 6-8, hypoxia is observed down to the full depth range of the Slocum gliders, although the hypoxic area and median hypoxic height above the bottom varies (Table 1) . In line 9, hypoxia is again present in two distinct zones as observed in lines 2 and 3. Finally, in line 10, near-bottom midshelf DO levels have increased significantly, and hypoxia is only observed on the outer shelf. The 26.5 kg m 23 isopycnal is observed on the shelf in line 1 and off the shelf in lines 2-10 with increasing depth. This behavior is also observed in shallower isopycnals. The onshore upward tilt of interior isopycnals and oxygen contours is observed in lines 1-8. In line 9, the 3.5 ml L 21 and 25.8 kg m 23 isopleths are flat. By line 10, a downward tilt is observed, indicative of the fall transition to downwelling-favorable conditions. This is expected since line 10 was sampled directly after a strong poleward wind event (Figs. 2a, 3a) , characteristic of the fall transition to downwelling-favorable conditions. The vertical profile of density during line 10 (Fig. 4c) shows a well-mixed top and bottom 20 m, indicating strong and deep mixing in both boundary layers. As shown in Fig. 4c , near-bottom density decreases throughout the glider line sequence on the 80-m isobath. In 2011, offshore source waters (NH25; Fig. 1 ) at densities upwelling onto the shelf were found to have a strong relationship of a 0.32 ml L 21 increase in DO per 0.1 kg m 23 density decrease (Adams et al. 2013 ).
However, the decrease in near-bottom density observed in the 10 glider lines is not associated with an increase in near-bottom DO (Figs. 4a,b) . This is because of the strong influence of shelf processes and local respiration on intraseasonal near-bottom DO variability.
As presented in section 3a, time-integrated currents ( Fig. 3b) indicate that the onshore return flow during late summer 2011 occurs at ;30-m water depth over the 80-m isobath, not in the BBL. From the vertical profiles of density over the 80-m isobath (Fig. 4c) , stratification is constant at 30 m, which indicates that this is an interior depth, outside of the surface and bottom mixed layers, except in section 10. Note that DO at 30 m, the return flow depth, is above the hypoxic threshold in each glider line (Fig. 4a) .
3) ABSOLUTE VELOCITY
Lines of glider-derived absolute N-S velocity y abs are presented in Fig. 5a . The strong equatorward (blue) surface flow observed offshore of the 80-m isobath in Fig. 5a is the coastal upwelling jet, which varies in strength and location throughout the 10 lines. Throughout the upwelling season, the coastal jet moves offshore and widens in cross-shelf extent following the 100-200-m isobaths around the Heceta and Stonewall Bank complex (HSBC; Barth et al. 2005) . Near-bottom poleward flow is observed on the shelf, although varying in strength and location in between glider sections. This supports the previous moored current result of late upwelling season reversals in the near-bottom current direction unlike earlier in the season when near-bottom along-shelf currents are strongly equatorward (Fig. 2e) .
The N-S moored velocity y NH10 time series from the 80-m isobath is plotted in Fig. 5b to show the variability and structure of along-shelf currents throughout the glider line sequence. Each glider crossing of the 80-m isobath is marked by a black line. These data are also used in the y abs and y NH10 mooring data comparison in Figs. A1-A2. Poleward near-bottom flows observed in Fig. 5a are also observed in the y NH10 record in Fig. 5b. 
4) MEASURED CROSS-SHELF VELOCITIES AND BOTTOM EKMAN TRANSPORT
Low-pass filtered moored cross-shelf current data u NH10 is included as horizontal bars in Fig. 5a over the 80-m isobath. Onshore flow is nonzero at interior depths (40-60 m) for all lines. Moored current records presented in section 3a show a main return flow depth at 30 m when near-bottom flow becomes weak (Fig. 3c) . The seasonal decline in BBL cross-shelf transport U Ek b shown in Fig. 3d suggests that the BBL during the glider line sequence is arrested (Garret et al. 1993 ). Diminished flow in the BBL implies decreased nearbottom flushing rates. The term U 
c. Physical versus biological drivers of intraseasonal DO variability
Variability of near-bottom DO shown in Figs. 2c and 4a is quantified and investigated using the 10 glider lines presented in section 3b. Specifically, we focus on the difference between consecutive glider sections of DO and density 10 mab at the midshelf (80-m isobath; 0.2% slope; 18 km offshore) and the outer shelf (120 m; 0.7%; 30 km offshore). The horizontal separation of these stations is 12 km. Potential mechanisms responsible for changes in observed DO between glider lines that can be estimated with extant data include local water column respiration, cross-shelf advection, and along-shelf advection. Other mechanisms that cannot be estimated here, such as vertical and horizontal mixing and benthic respiration, are addressed in the discussion.
1) TREND OVER GLIDER SEQUENCE
Near-bottom DO data extracted from the unfiltered gridded glider sections shown in Fig. 4a are lower at the outer shelf (120 m) than over the midshelf (80 m) for the majority of the glider line sequence (Figs. 6a,c) . Lower DO water on the outer shelf is counter to the idea of higher DO source water flowing onshore, replenishing near-bottom waters (Adams et al. 2013) . Two hypotheses for why outer shelf DO concentrations are lower than over the midshelf include 1) cross-shelf flow is offshore and near-bottom DO concentrations are declining on route to the outer shelf from local microbial respiration and 2) a low DO along-shelf gradient is transported either north or south to the NH-Line. We evaluate these hypotheses using moored midshelf currents at NH10 and the glider data.
Time-integrated cross-shelf and along-shelf currents, or CD, calculated from the NH10 ADCP record, are quantified for the glider lines in Table 3 . Weak offshore transport of low DO midshelf water occurred during the majority of the glider sequence, as first shown in Fig. 3c . However, the magnitude of cross-shelf CD, up to 8 km in the offshore direction, is smaller than the 12-km horizontal separation between the mid-and outer shelf stations. Therefore, offshore cross-shelf advection cannot explain the abrupt downslope extension of the hypoxic shelf area observed in lines 5-8 (Fig. 4a) .
Along-shelf CD values are variable in direction and magnitude throughout the glider line sequence. During glider lines 2-8, along-shelf CD is small and/or negative. This indicates equatorward flow, observed between 80-m crossings in Fig. 5b . During glider lines 2-8 is when the downslope extension of the hypoxic area occurs. If along-shelf advection of a low DO gradient caused this change, it would be from about 2 to 40 km north of the NH-Line. In line 6, observations of low DO water across the shelf were collected as the glider detoured far off course to the north of the NH-Line (Fig. 1) . Advection of this low DO water southward to the NH-Line could explain the downslope extension of near-bottom hypoxia.
2) CHANGE IN OUTER SHELF DO BETWEEN CONSECUTIVE GLIDER LINES
Observed DO rates of change are calculated in between consecutive glider lines in Table 2 . Using the density DO relationship of source water (NH25; Fig. 1 (Figs. 6a,b) . At 120 m, DO decreased by 0.72 ml L 21 in 2.8 days, whereas the 80-m DO values dropped by half that amount, 0.35 ml L 21 , in 1.5 days ( Fig. 6b ; Table 2 ). The respective DO decline rates of these sharp decreases are 0.45 and 0.13 ml L 21 day 21 , respectively, which are several times larger than the average local respiration rate. This rules out local respiration as the driving mechanism of the observed DO decrease between glider lines 4 and 5 at the midand outer-shelf stations and also the sharp increase in hypoxic area downslope (Fig. 4a) .
Cross-shelf CD between the 80-m isobath crossings of glider sections 4 and 5 is 21.39 km (Table 4) . This indicates that a water parcel starting at the 80-m isobath does not travel far offshore between lines 4 and 5; cross-shelf advection therefore cannot explain the observed downslope extension of hypoxic area in line 5 (Fig. 4a) . Furthermore, DO concentrations onshore of 120 m are higher during this time (Figs. 6a,b) , so crossshelf advection of a gradient cannot be the driving mechanism of the extension of the hypoxic area down the slope.
Since the N-S CD is negative, along-shelf advection of a low DO gradient from the north is likely. Low DO shelf water north of the line is observed in glider line 6, which sampled up to 14 km north of the NH-Line. Along-shelf advection of a gradient is the most plausible driving mechanism of the observed DO decline between glider lines 4 and 5. The magnitude of this gradient is the observed DO decline at 120 m divided by the along-shelf CD (0.72 ml L 21 /2.58 km or 0.28 ml L 21 km
21
). Similarly, the magnitude of the along-shelf DO gradient is only 0.14 ml L 21 km 21 over the 80-m isobath. Here, we have assumed the midshelf CD applies to the outer shelf. There is evidence from the Coastal Advances in Shelf Transport (COAST) 2001 (Boyd et al. 2002) program that near-bottom currents are correlated strongly across the shelf with a 0.65 crosscorrelation coefficient at zero lag. Along-shelf maps of low DO waters in the upper 200 m along the northern CCS indicate strong alongshelf gradients north of the NH-Line in September 2011 with a minimum north of the NH-Line over the shelf break (Peterson et al. 2013 ). This supports our hypothesis that equatorward along-shelf advection of a low DO water is the mechanism responsible for the large decline in DO observed between glider sections 4 and 5. Fig. 7a with the hypoxic section highlighted in blue. The large, along-shelf spread of glider lines is due to the slow vehicle speed of the Slocum gliders compared to the coastal currents. Hypoxia is observed each year in the dataset and across the Fig. 7a reveals areas across the shelf where hypoxia is recurrent (Fig. 7b) . The midshelf, between the 50-and 80-m isobaths, is the region across the NH-Line with the most hypoxic measurements, although hypoxia is also often observed in a second region on the outer shelf (120 to 200 m).
The vertical cross-section histogram of the 98 hypoxic glider lines across the NH-Line, 44.648-44.708N, is shown in Fig. 8a . Two distinct cross-shelf regions with prevalent hypoxic measurements are the mid-(50-80-m isobaths) and outer shelf (120-200-m isobaths), similar to glider lines 2, 3, and 9 in Fig. 4a . Hypoxia is observed over the midshelf in over 40% of the hypoxic glider lines, whereas outer-shelf hypoxia is observed in only 30% of hypoxic glider lines. Results presented in section 3c indicated lower DO over the outer shelf. This is most likely a late-season result after onshore cross-shelf flow shuts down and near-bottom outer-shelf waters are no longer replenished with source water. Mean dissolved oxygen and density values are presented for the cumulative hypoxic glider lines in Fig. 9a . Between the two locations of prevalent hypoxia, dissolved oxygen is higher and density is lower than the surrounding shelf values (Figs. 8b,c) . A mechanism for this is discussed in section 4.
Given that most of the glider transects are close to the NH-Line (Fig. 7) , it is difficult to determine the along-shelf extent of the two distinct cross-shelf regions with prevalent hypoxia. Fortuitously, glider line 6 (Fig. 1 ) was sampled ;5-10 km north of the NH-Line and showed contiguous near-bottom hypoxia across the shelf (Fig. 4b) .
Hypoxia is observed offshore around station NH25 in less than 2% of the NH-Line hypoxic glider lines. This station is often used as an upwelling source water location (Adams et al. 2013; Peterson et al. 2013) . Infrequent hypoxia at NH25 is from near-bottom hypoxic shelf waters extending offshore as shown in glider line 7 (Fig. 4a) . Since the top of the North Pacific oxygen minimum zone (OMZ) is at approximately 400-m water depth (Pierce et al. 2012) , hypoxic measurements made in the top 200 m are attributed to shelf-influenced low DO waters rather than the upwelling of OMZ water.
2) WATER MASS PROPERTIES OF HYPOXIC
MEASUREMENTS
Variability of water mass properties (DO, temperature, salinity, density, and pressure) is presented at several isobath crossings along the NH-Line for all glider-measured hypoxic measurements (Table 4) . Oxygen values of hypoxic measurements are more concentrated near the hypoxic threshold at 250-m isobath Temperature, salinity, and density all have more normal distributions with peaks warming, freshening, and lightening onshore, respectively. Pressure indicates the depth over each isobath crossing where hypoxic measurements are recorded. Over the 50-and 70-m isobaths, the majority of the measurements are made ;10 mab. The 100-m isobath distribution indicates that hypoxic measurements are also likely 20 mab. This could be due to higher average BML (Table 1) . Over the 200-m isobath, the pressure distribution of hypoxic measurements is very spread out from 100-to 190-m depths.
Discussion
a. Cross-shelf DO variability caused by along-shelf advection
To the south of the NH-Line is the HSBC, a very productive, retentive area where persistent hypoxia ;3 months a year is observed on the midshelf (Adams et al. 2013 ). When flow is poleward, hypoxic waters from the bank would be advected to the NH-Line. In fact, after a 20-km poleward CD (Table 3) between glider lines 1 and 2, near-bottom hypoxic water was observed over the mid-and outer-shelf regions (Fig. 4a) . Along-shelf advection of low DO patches O(10) km has been identified as a driver of low DO variability on the Washington shelf (Connolly et al. 2010) .
Here, two distinct regions of prevalent hypoxia are identified (Figs. 7b, 8a) . The cross-shelf gap, O(10) km, between the two NH-Line prevalent hypoxic regions is directly to the north of Stonewall Bank, shown on a bathymetric map of the region in Fig. 9 . Observations of BBL mixing over Stonewall Bank are several orders of magnitude larger than the background shelf-mixing rate under upwelling-favorable conditions early in the upwelling season (Nash and Moum 2001) . We hypothesize that strong mixing during poleward flow around this feature also increases mixing rates in the BBL over the bank. Increased mixing would be a source of DO for the BBL due to entrainment of shallower, interior waters. The high DO signal observed in between the two crossshelf hypoxic areas in Figs. 7b and 8a are likely due to mixing over Stonewall Bank that is advected northward to the NH-Line. The gap between the two prevalent hypoxic areas on the NH-Line corresponds to a region of increased DO and decreased density (Figs. 8b,c hypoxic glider lines (Fig. 8a ). This suggests that less dense, higher DO water is vertically mixed into the BBL over Stonewall Bank and advected northward to the NH-Line. To test this theory of whether high DO water is prevalent northward of Stonewall Bank during northward flow, glider-derived N-S velocities are used to investigate the relationship between flow direction and the difference in DO 10 mab over the 100-and 80-m isobaths during hypoxic events. Here, we expect a positive near-bottom DO difference, 100-80 m, during times of positive flow direction. For all but one of the instances when hypoxia is observed over the 80-m isobath (squares in Fig. 10 ) and when N-S velocities and DO differences are large (outside the gray bar regions in Fig. 10 ), strong poleward flow is associated with DO values that are significantly higher over the 100-m isobath than over the 80-m isobath in the lee of Stonewall Bank. (Fig. 3b) . After the shoaling of the return flow depth, 1) the nearbottom flow stalls in both along-and cross-shelf directions increasing retention of near-bottom waters and 2) a shutdown of source water upwelling on to the shelf results in a near-bottom temperature increase (McCabe et al. 2015) and density decrease (Fig. 2b) contrasting to the cool, salty signature of source water present early in the upwelling season. A combined decrease of flushing and source water replenishment of near-bottom shelf waters increases the risk for late-season near-bottom hypoxia. This is supported by the moored 2011 DO time series (Fig. 2c) , which does not show persistent hypoxia until after day 190, when the BBL flow weakens.
2) MECHANISMS
In a two-dimensional upwelling model over a slope bottom, Lentz and Chapman (2004) find nonlinear crossshelf momentum flux divergence to cause return flow below the surface boundary layer when the slope Burger number S is 1.5-2. High values of S 5 Naf
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, where N is the buoyancy frequency, a is the cross-shelf bottom slope, and f is the Coriolis parameter, were found for Oregon coast data from 458N where the shelf slope is steep and (Table 1) . the bathymetry variations are small. Interior return flow is observed in a single cross-shelf velocity depth profile (Smith 1981) . To be consistent with the Lentz and Chapman (2004) prediction, S should be low early in the season when we observe BBL return flow and high late in the season when return flow is observed ;30 m. However, we find that stratification, and, therefore S, decreases throughout each upwelling season.
Another proposed mechanism for the late-season onshore interior flow is the presence of an along-shelf pressure gradient. McCabe et al. (2015) report a decrease in sea level along the U.S. West Coast from July to September, resulting in a mean poleward pressure gradient along the CCS late in the upwelling season. The authors attribute the late-season onshore interior flow to this poleward pressure gradient suggesting that the shoaling of return flow depth is driven remotely rather than locally, for example, pressure gradient over Heceta Bank. Further investigation is needed to sufficiently correlate the development of the large-scale poleward pressure gradient and the observed intraseasonal decrease of near-bottom onshore transport at NH10.
Previous studies have identified the complicated three-dimensional flow regime over the central Oregon shelf. Smith (1981) found an imbalance between the onshore transport below the surface and the offshore surface transport from moored current data on the Oregon shelf and concludes the dy/dy continuity term cannot be neglected. Barth et al. (2005) and Hales et al. (2006) attribute an unsteady wind field and variations in the bathymetric features to the three-dimensional flow fields in this region. Coastal circulation along the NHLine is likely three-dimensional because of the combination of temporal variations in wind forcing and spatial variations in bathymetric features.
c. Future observational needs
With the addition of underwater gliders as observational platforms, finescale, cross-shelf resolution of measurements has increased; however, along-shelf resolution is still lacking. We have identified the lack of high-resolution (,10 km), along-shelf DO data and of cross-shelf current data over the central Oregon shelf. To date, no study has captured the along-shelf component to near-bottom DO variability on seasonal time scales. Additionally, future experiments should include observations of the BBL if possible. As part of the NSFfunded Ocean Observatories Initiative (OOI) Endurance array, gliders will occupy one along-shelf and multiple cross-shelf transects over the Oregon and Washington continental shelf. These data should enable the finescale resolution across and along the continental shelf not currently possible. 
Summary and conclusions
Cross-shelf variability of near-bottom dissolved oxygen concentrations on intraseasonal and interannual time scales is resolved (,1 km) using Slocum glider lines along the Newport hydrographic line. A sequence of 10 glider cross-shelf sections spanning 50 days clearly shows large intraseasonal variability on day-month time scales. Late-season return flow depth is observed at 30 m, while near-bottom cross-shelf flow is weakly offshore. The change in return flow depth is not associated with a change in stratification. Outer-shelf DO decreases during the sequence but cannot be linked with the cross-shelf advection of a gradient or drawdown due to local respiration. Therefore, an along-shelf gradient is found to be responsible for the largest DO decline observed in the glider line sequence. Hypoxia is prevalent on the mid-and outer-shelf regions in two distinct regions. Enhanced mixing over the sharp topographic feature of Stonewall Bank to the south of the NH-Line is a likely cause of the separation of the two cross-shelf hypoxic zones. Captain Mike Kriz, the crew of the R/V Elakha, and the OSU Marine Technician Group for their data collection efforts.
APPENDIX
Comparison of Midshelf Moored versus Glider-Derived N-S Velocities
Vertical profiles of y NH10 , u NH10 , y abs , and y geo over the 80-m isobath are compared in Fig. A1 . Negative vertical shear, or increasing N-S velocity with depth, is observed in each moored vertical profile consistent with thermal wind and ›r/›x (Fig. 4c) . The same is true for the glider velocity profiles except for section 10 (Fig. 5a ).
Depth-averaged N-S velocities from the two different platforms, the NH10 mooring and the glider, are compared in Fig. A2 . Moored ADCP data are selected at the time of each glider 80-m isobath crossing (Table 1) and interpolated onto the glider depth grid (2-5-m vertical spacing). Depth-averaged velocities are calculated for the water depth range of 8-70 m since the top 7 m are not measured by the downward-looking ADCP.
The depth-averaged y geo and y abs over the 80-m isobath are plotted alongside the depth-averaged y NH10 at the time of each glider 80-m isobath crossing. Overall, y NH10 and y abs compare qualitatively well; however, y abs has a weaker magnitude in most glider sections. This signal dampening is a result of filtering the glider data or the measurement of y abs over several vertical glider profiles. The average of the difference between the glider-measured and moored N-S velocities at each depth in the vertical profiles (Fig. A1 ) are presented in (Huyer et al. 2005) . The y abs offset could be attributed to the shallow reference depth of the geostrophic calculation, 190 m, or to compass inaccuracy.
